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ing	 context‐dependent	 selection.	 These	 crop–wild	 hybrids	 and	 their	wild	 counter‐
parts	were	grown	under	agricultural	conditions	in	the	field	with	and	without	wheat	
competition.	Interactions	between	origin	and	cross	type	affected	expression	of	early	
functional	 traits,	while	 interactions	between	competition	and	cross	 type	acted	on	
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Fuller,	 2009).	Many	 traits	 are	 commonly	 associated	with	domesti‐






one	of	 the	 reasons	 for	 the	 low	fitness	seen	 in	most	crop–wild	hy‐
brids	(Mercer,	Wyse,	&	Shaw,	2006;	Snow,	Moran‐Palma,	Rieseberg,	
Wszelaki,	 &	 Seiler,	 1998;	 Spencer	 &	 Snow,	 2001;	 Zhi,	 Lu,	 Wang,	
&	 Jia,	 2004).	However,	 some	crop‐like	 traits,	 such	as	 large	 leaves,	
numerous	 inflorescences	 and	 seeds,	 rapid	 growth,	 and	 self‐com‐








Environmental	 factors	 can	 strongly	 affect	 fitness	 in	 crop–wild	
hybrids,	as	well	as	 their	 fitness	 relative	 to	 their	wild	counterparts,	




under	 crop	 competition,	 herbicide	 selection)	 (Campbell	 &	 Snow,	







Poverene,	2012;	Snow	et	 al.,	 1998;	Xia	et	 al.,	 2016).	For	example,	
Mercer	et	 al.	 (2006)	 found	 that	wild	 sunflower	 fecundity	declined	
more	severely	under	stressful	conditions	than	did	that	of	their	hy‐






















Alonso,	 Brennan,	 Alonso‐Blanco,	 &	 Picó,	 2018;	 Parachnowitsch	 &	
Kessler,	2010;	Wu	&	Li,	2017).	For	example,	Wu	&	Li,	2017,	demon‐
strated	that	variation	in	pollinator	assemblages	in	Primula secundiflora 
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Here,	using	the	fecundity	data	analyzed	in	Mercer	et	al.	(2006),	
Mercer	et	al.	(2007)	and	associated,	largely	unanalyzed	trait	data	on	
wild	and	crop–wild	hybrid	 sunflowers	 from	a	diverse	 set	of	popu‐
lations,	 we	 study	 the	 phenotypic	 variation	 of	 functional	 traits,	 as	
well	as	selection	operating	on	them,	under	two	contrasting	environ‐
ments.	Specifically,	we:
1.	 Evaluate	 the	 effect	 of	 genetic	 background	 (i.e.,	wild	 population	
origin),	 competitive	 environment,	 cross	 type	 (i.e.,	 wild	 vs.	 F1	
crop–wild	hybrid),	 and	 their	 interactions	on	different	 functional	
plant	 traits.





texts,	we	 can	 better	 understand	what	 differential	 selection	might	
mean	for	evolutionary	potential.
2  | MATERIAL S AND METHODS
2.1 | Study system
Sunflower	 is	 an	 excellent	 system	 to	 better	 understand	 pheno‐





ern	North	America	 (Blackman	et	 al.,	 2011).	 In	 the	post‐Columbian	
era,	 the	 domesticated	 sunflower	 was	 introduced	 to	 Europe,	 im‐
proved	in	Russia,	and	then	distributed	worldwide;	75%	of	the	40	mil‐
lion	tons	produced	currently	is	grown	in	Ukraine,	Russia,	European	






America	 into	several	 regions	of	 the	world,	such	as	South	America,	
Europe,	and	Australia	(Dry	&	Burdon,	1986;	Lentz,	Bye,	&	Sánchez‐
Cordero,	2008;	Muller	et	al.,	2009;	Poverene	et	al.,	2002),	where	it	
now	 coexists	with	 its	 cultivated	 congener,	 increasing	 the	 possibil‐
ity	of	gene	flow	between	crop	and	wild	populations	globally	(Ureta,	
Carrera,	Cantamutto,	&	Poverene,	2008).
2.2 | Plant material and experimental design
The	 wild	 sunflower	 plant	 populations	 were	 sourced	 from	 USDA	

















sulfonylurea	 (SU)	herbicide	application	 (field	rate);	 (c)	SU	herbicide	
application	(three	times	the	field	rate);	and	(d)	a	no	competition,	no	
herbicide	control.	Here,	we	discuss	only	results	from	the	control	and	






four	 rows	per	main	plot.	Prior	 to	sunflower	planting,	 the	competi‐
tion	treatment	was	planted	as	10,	15‐cm‐spaced	rows	of	the	wheat	
(Triticum aestivum	L.)	cultivar,	Alsen,	 surrounding	each	row	of	sun‐










mediate	 plant	 height;	 early	 and	 intermediate	 leaf	 length;	 days	 to	
flowering;	 number	 of	 branches;	 primary,	 secondary,	 and	 tertiary	




one	 secondary,	 and	 one	 tertiary	 head	 per	 plant	 were	 measured	
at	the	widest	point	across	each	head's	fully	pollinated	florets.	On	
each	 plant,	 the	 number	 of	 branches	 and	 numbers	 of	 normal	 and	
deformed	 heads	were	 counted	 at	 harvest.	We	 used	 appearance,	
a	categorical	trait,	to	holistically	evaluate	how	wild‐,	crop‐,	or	hy‐
brid‐like	plants	appeared	as	a	whole,	including	impressions	of	head	
size,	 branch	 numbers,	 branching	 patterns,	 head	 shape,	 and	 stem	
appearance	 (Table	 S1).	 The	 fitness	 of	 the	plants	 (seeds	per	 plant	
and	 survival	 to	 reproduction),	 per	 se,	 was	 analyzed	 in	 previous	
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publications	 (Mercer	 et	 al.,	 2007,	 2006).	However,	 here	we	used	
an	estimation	of	 seeds	per	 reproductive	plant	 [based	on	number	




All	 data	 were	 analyzed	 using	 generalized	 linear	 mixed	 models	
(GLMMs)	 with	 restricted	 maximum	 likelihood	 in	 PROC	 GLIMMIX	
(SAS,	University	edition).	Our	first	set	of	analyses	discerned	the	ef‐




latter	 two	acting	as	error	 terms	 for	main	plot	and	subplot	 factors,	





tion	 analysis	 under	 two	 environments	 (control	 and	wheat	 compe‐
tition)	 by	 employing	 regressions	 to	 estimate	 selection	 coefficients	
on	 the	 relationship	 between	 fecundity	 and	 individual	 (s:	 selection	
differentials)	or	multiple	(β:	selection	gradients)	traits	using	a	GLMM	
analysis.	Selection	differentials	(s)	represent	the	combination	of	di‐
rect	 and	 indirect	 selection,	while	 selection	gradients	 (β)	 represent	
direct	selection.	To	avoid	collinearity	in	highly	correlated	traits,	for	
traits	with	 r	>	0.5	 in	all	 four	combinations	of	cross	 type	and	com‐
petition,	one	trait	of	the	pair	was	retained	(Lande	&	Arnold,	1983).	
We	standardized	all	 variables	 (including	 fecundity)	 to	a	mean	of	0	
and	a	standard	deviation	(SD)	of	1	to	allow	direct	comparison	of	the	

















lyzed	 jointly	 (γ′)	 included	 in	nonlinear	regression	models.	While	
linear	 selection	 coefficients	 measure	 directional	 selection	 and	
indicate	whether	 selection	 favors	 larger	or	 smaller	 trait	 values,	
quadratic	 coefficients	 measure	 curvature	 in	 the	 trait–fitness	
relationship	 (Geber	 &	 Griffen,	 2003;	 Lande	 &	 Arnold,	 1983).	
Analysis	 of	 nonlinear	 selection	 can	 help	 us	 identify	 potential	
stabilizing	 (negative	 quadratic	 coefficients)	 or	 disruptive	 (posi‐
tive	quadratic	coefficients)	selection	(Parachnowitsch	&	Kessler,	
2010;	 Wu	 &	 Li,	 2017);	 however,	 their	 interpretation	 can	 be	
complex	 (Shaw	 &	 Geyer,	 2010).	 In	 order	 to	 obtain	 appropriate	
coefficients	 from	 the	 quadratic	 regression	 model,	 we	 doubled	
the	 quadratic	 selection	 coefficients	 (Stinchcombe,	 Agrawal,	
Hohenlohe,	Arnold,	&	Blows,	 2008).	 So,	C′	 =	2q	 and	 γ′	 =	2q,	 q	
being	 the	 quadratic	 term	 from	 simple	 and	 multiple	 nonlinear	
regression,	 respectively.	As	 in	 the	 linear	 selection	analyses,	we	




3.1 | Effects of competition, origin, cross type, and 
their interactions
All	the	traits	showed	significant	main	effects	of	competition	(ex‐
cept	 for	 number	 of	 deformed	heads),	 origin,	 and	 cross	 type	 (ex‐
cept	 for	 number	 of	 tertiary	 heads).	 Early	 growth	 traits	 such	 as	
early	leaf	length	(ELL),	early	plant	height	(EPH),	intermediate	leaf	
length	(ILL),	and	intermediate	plant	height	(IPH)	showed	significant	
origin‐by‐cross	 type	 interactions,	meaning	 that	 the	effect	of	hy‐
bridization	depended	on	their	origin.	For	reproductive	traits,	such	
as	number	of	branches	(BRN),	primary	head	diameter	(PHD),	sec‐
























teractions	of	 competition	with	 cross	 type	and	 these	varied	with	
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origin.	 For	 example,	 in	 two	maternal	 origins	 (WYII	 and	MT),	 the	
intermediate	height	of	wild	plants	with	competition	increased	rel‐
atively	more	than	that	of	hybrid	plants,	while	for	plants	from	ID,	
this	 relationship	was	 inverted	with	 hybrid	 plants	 having	 a	 larger	
response	 in	 the	 face	 of	 competition.	 Similarly,	 intermediate	 leaf	
length	 declined	more	with	 competition	 in	wild	 ID	 and	 IO	 plants	
than	in	their	hybrid	counterparts;	by	contrast,	WYII	hybrids	were	
more	 affected	 than	 their	 wild	 counterparts	 when	 experiencing	
competition	(Figure	1).












































































































































































































































































































































































































































































































































































































































































































































































































petition	on	selection	appears	 to	be	greater	 for	wilds	 than	hybrids.	
Wilds	underwent	greater	selection	on	IPH	than	hybrids,	and,	for	hy‐
brids,	selection	was	greater	on	this	trait	with	competition.




traits.	Direct	 selection	on	BRN	and	THD	was	 strongest,	 and	PHD	
was	once	again	the	only	trait	undergoing	negative	selection	(Table	
S2).	 In	 addition,	 selection	 on	 all	 the	 traits,	 except	 DFL	 and	 SHD,	


































































Wilds under control conditions
Hybrids under control conditions
Wilds under wheat conditions
Hybrids under wheat conditions





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































instance	of	the	 latter	 is	SHD;	 it	appeared	to	be	under	significant	
positive	direct	selection	with	competition,	but	nonsignificant	neg‐
ative	direct	selection	without	(Table	2).	However,	for	most	of	these	
traits,	 significant	 three‐way	 interactions	among	trait,	cross	 type,	
and	competition	indicate	even	greater	complexity;	they	mean	that	
the	effect	of	 competition	on	 the	 level	 and/or	direction	of	direct	





for	 THD	 in	 control	wilds	 (Table	 2).	 PHD	was	 directly	 negatively	
selected	on	only	in	wild	plants	under	control	conditions	(Table	2).	
ILL,	 DFL,	 and	 SHD	 were	 positively	 selected	 under	 competition	
with	wheat	for	both	cross	types	(and	there	was	no	selection	with‐
out	competition),	but	 the	strength	of	selection	with	competition	
for	wilds	 appears	 to	 have	 been	 slightly	 greater	 than	 for	 hybrids	
(Table	2).






bilizing	 and	 disruptive	 selection,	 respectively.	 However,	 the	 envi‐
ronment	also	affected	 the	nature	of	selection	here.	Under	control	
conditions,	 IPH,	PHD,	and	SHD	showed	negative	C′	values,	which	
were	 larger	 in	 both	 PHD	 and	 SHD	 (Table	 3).	 By	 contrast,	 under	
competitive	 conditions,	 four	 of	 the	 six	 traits	 had	 positive	 C′	 val‐
ues	 (Table	3).	 Interestingly,	 the	nonlinear	selection	experienced	by	
three	traits,	IPH,	DFL,	and	SHD,	reverted	from	positive	to	negative	













of	 direct	 stabilizing	 and	 disruptive	 selection,	 respectively.	 In	 anal‐






sunflower	hybrids	under	 two	contrasting	environments,	 as	well	 as	
dynamics	 of	 selection	 operating	 on	 them.	While	 competition	 and	
hybridization	 both	 affected	 traits	 of	 interest,	 it	was	 the	 two‐	 and	
three‐way	 interactions	 affecting	 traits	 that	 were	 salient.	 For	 in‐




in	 traits	 such	 as	 intermediate	 plant	 height,	 days	 to	 flowering,	 and	


































tion	 in	favor	of	 later	flowering	may	select	also	for	 larger	plant	size	
(Cantamutto	et	al.,	2010;	Colautti	&	Barrett,	2010),	thus	 indirectly	
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favoring	 traits	 such	 as	 plant	 height	 and	 leaf	 size.	Branching	 is	 an‐
other	trait	that	showed	positive	direct	selection	and	even	stronger	
net	directional	 selection	 indicating	 that	 the	 correlation	with	other	






4.1 | Effects of competition, 
hybridization, and origin on functional traits
When	we	analyzed	our	data	by	origin,	we	consistently	found	main	













the	wheat	competition	 in	 this	 study	may	have	 limited	 the	bud	de‐
velopment	(especially	basal	buds),	increasing	resources	allocated	to	
the	main	shoot	and	thereby	plant	height	(Teichmann	&	Muhr,	2015).	









Some	 functional	 traits	 in	 this	 study	expressed	a	 lack	of	differ‐
ential	 effects	 of	 competition	 across	 cross	 types	 within	 an	 origin	
(i.e.,	 there	was	no	G	×	E	 interaction).	 In	those	cases,	we	can	 inter‐
pret	this	as	a	parallel	response	of	cross	types	to	ecological	change.	
In	general,	hybrids	and	wilds	both	got	taller,	ended	up	with	shorter	
leaves,	 delayed	 flowering,	 and	 reduced	 secondary	 head	 size	 with	
competition.	Yet	 for	 certain	populations,	we	 found	 interesting	ex‐
ceptions	that	point	to	cases	of	genetic	variation	for	traits	affected	
by	hybridization	that	may	matter	for	responses	to	plant–plant	inter‐





three	 wild	 populations	 were	 also	 the	 ones	 that	 flowered	 earliest	
under	control	conditions	too,	which	could	have	affected	their	com‐
petitive	ability	due	to	the	resources	required	for	flowering.	Similarly,	
competition	 greatly	 reduced	 the	 size	 of	 hybrid	 secondary	 heads,	
which	had	a	size	intermediate	between	crop	and	wild	heads	without	
competition,	 such	 that	 hybrid	 heads	 were	 often	 indistinguishable	





differentially	 influencing	 the	 relative	 fitness	 of	 hybrids	 compared	
to	their	wild	counterparts	and	chances	of	crop	allele	 introgression	
(Mercer	et	al.,	2014).
4.2 | The role of competition in enhancing selection
Natural	selection	intensities	are	known	not	only	to	vary	over	time,	
but	 also	 to	 be	 affected	 by	 ecological	 interactions	with	 biotic	 and	
abiotic	 factors.	 In	 other	 words,	 natural	 selection	 can	 be	 environ‐
mentally	 dependent.	 In	 Arabidopsis thaliana,	 water	 stress	 and	 in‐
terspecific	competition	produced	stronger	directional	selection	on	
early	bolting	than	nonstressful	conditions;	these	ecological	stresses	
also	 produced	 some	 degree	 of	 disruptive	 selection	 (Brachi,	 Aimé,	
Glorieux,	Cuguen,	&	Roux,	2012).	Similarly,	 in	Primula secundiflora, 
the	nature	of	selection	on	flowering	time	was	modified	by	ecological	






















advantageous	 (Baack	 et	 al.,	 2008;	 Dechaine	 et	 al.,	 2009)	 indicat‐
ing	that	crop	introgression	would	be	lower	without	than	with	crop	
competition.	 In	 this	sense,	a	 recent	study,	Corbi,	Baack,	Dechaine,	
Seiler,	 and	Burke	 (2018),	 found	 that,	under	 two	years	of	 selection	
in	nonagricultural	conditions,	crop–wild	populations	evolved	 to	be	
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genetically	and	phenotypically	more	wild‐like,	suggesting	that	many	
crop‐derived	traits	may	be	maladapted	to	wild	conditions.	That	said,	
there	were	 crop	 alleles	 that	 increased	 in	 some	 regions	 of	 the	 ge‐
nome.	Although	stochasticity,	especially	in	small	populations,	prob‐
ably	contributes	to	such	unpredictable	introgression	of	crop	alleles,	
it	 is	 also	 possible	 that	 some	 crop	 traits,	 such	 as	 fast	 early	 season	
growth,	can	be	adaptive	under	most	conditions	(Mercer	et	al.,	2014,	
2007).





















operating	with	 competition	 can	 be	 interpreted	 as	 being	 toward	
crop‐like	 phenotypes	 [e.g.,	 longer	 leaves	 indicative	 of	 faster	
growth	(Mercer,	Alexander,	&	Snow,	2011;	Mercer	et	al.,	2007)],	
selection	on	later	flowering	and	greater	branching	would	move	a	
population	 toward	wild‐like	 phenotypes,	 as	we	 saw	 in	 the	 con‐
trol	 conditions.	Nevertheless,	 the	 reduced	strength	of	 selection	
under	competition	may	potentially	lead	to	a	greater	possibility	for	
crop	 allele	 introgression.	 This	 result	 corroborates	 results	 show‐
ing	 the	 increased	 relative	 fitness	 of	 hybrids	 under	 competition	
(Mercer	et	al.,	2006).
4.3 | Selection acting on particular 
domestication traits
The	domestication	of	sunflower	from	its	wild	progenitor,	and	more	
recent	 modern	 improvement,	 has	 led	 to	 rapid	 and	 dramatic	 mor‐
phological	 changes	 in	 this	 species.	 This	 intense	 selection	 fixed	
several	 novel	 quantitative	 trait	 phenotypes,	 for	 which	QTLs	 have	
been	 shown	 to	 differ	 between	wild	 and	 domesticated	 types,	 that	
is	 for	days	to	flowering,	plant	height,	branching,	achene	size,	stem	
diameter,	 seed	 dormancy,	 and	 self‐compatibility	 (Burke,	 Knapp,	 &	























was	 important	 for	 elucidating	 selection	on	 this	 trait.	 Interestingly,	




the	 reduction	of	head	number	 (Phillips,	1975),	while	 small	primary	
heads	 may	 be	 associated	 with	 small	 plants,	 with	 neither	 strategy	








ulations.	Crop	 sunflowers	 tend	 to	 flower	 early	 compared	 to	many	
wild	 populations,	 and	 their	 flowering	 period	 is	 narrower	 owing	 to	
their	single	heads.	 In	general,	 time	to	flowering	 is	critical	 in	plants	
and	 it	can	be	 regulated	by	environmental	and	genetic	 factors	 that	




























The	 degree	 and	 nature	 of	 branching	 strongly	 determine	 plant	
architecture.	Branching	has	also	been	heavily	influenced	by	domes‐
tication	 in	sunflower	and	other	species.	While	branching	 is	a	com‐
plex	 trait	 governed	by	multiple	 loci,	 environmental	 variation	plays	
an	important	role	in	determining	sunflower	branching	architecture,	



















indicating	 the	 possibility	 of	 environmental	 dependence	 of	 intro‐
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